



)T  IS  WELL  KNOWN  THAT  GOLD  IS  USED  IN  THE  SEMICONDUCTOR 
INDUSTRY  OF  TODAY  TO  MAKE  CONTACTS  FOR  ELECTRONICS 
!  LESSKNOWN  APPLICATION  IS  AS  SEED PARTICLES  FOR  GROWTH OF 
ONEDIMENSIONAL  $	  NANOSTRUCTURES  WHERE  GOLD  IS  BY  FAR 
THE  MOST  UNIVERSAL  AND  COMMONLY  USED  MATERIAL 
$  NANOSTRUCTURES  ARE  CHARACTERIZED  BY  A  LARGE  LENGTHTO
WIDTH  RATIO  &IGURE  	  AND  ARE  REFERRED  TO  AS  RODS  TUBES 
WHISKERS WIRES AND BELTS AMONG OTHERS -INOR DIFFERENCES IN 
DIMENSIONS BETWEEN THESE STRUCTURES OCCUR IN LITERATURE BUT 
NO  CLEAR  DE½NITION  EXISTS  )N  THIS  REVIEW  ARTICLE  THE  WORD 
NANOWIRE WILL BE USED WHEN DISCUSSING THESE HIGHLY PROMISING 
$  NANOSTRUCTURES  )N  RECENT  YEARS  THE  INTEREST  IN 
ONEDIMENSIONAL  NANOSTRUCTURES  HAS  GAINED  ENORMOUS 




INCLUDING  LIGHT  EMITTING  DIODES  ,%$S	  ;=  ½ELDEFFECT 
TRANSISTORS  &%4S	  ;=  BIOSENSORS  ;  =  AND  SOLAR  CELLS 
;= #ONSIDERABLE WORK REMAINS BEFORE $ NANOSTRUCTURES 
CAN  BE  INTEGRATED  INTO  EXISTING  SEMICONDUCTOR  TECHNOLOGY 
BUT THE UPSCALING PROBLEMS ARE BEING ADDRESSED BY SEVERAL 
RESEARCH  GROUPS  ;=  )N  ADDITION  TO  BIOSENSORS  NANOWIRES 
MIGHT  ALSO  BE  USED  FOR  OTHER  MEDICAL  APPLICATIONS  IN  THE 
FUTURE 0ATTERNED NANOWIRE ARRAYS HAVE BEEN DEMONSTRATED 
TO  WORK  AS  GUIDES  AND  RECTI½ERS  OF  NERVE  CELLS  ON  A 
SUBSTRATE  WHICH  OPENS  UP  NEW  POSSIBILITIES  FOR  NEURAL 
NETWORK DESIGN ;=




4HE MAJOR DRAWBACK OF  THIS METHOD  IS  THAT  THE SURFACES OF 
THE STRUCTURES ARE DAMAGED DURING THE PROCESS RESULTING  IN 
NANOWIRES  WITH  A  POOR  CRYSTAL  QUALITY  )N  ADDITION  THE 
LITHOGRAPHIC  TECHNIQUES  MAY  NOT  BE  ABLE  TO  PRODUCE 
SUF½CIENTLY  SMALL  STRUCTURES  FOR  FURTHER  DOWNSCALING  OF 
DEVICES  )N  ORDER  TO  PRODUCE  SMALL  ENOUGH  NANOWIRES 
OF HIGH ENOUGH CRYSTAL QUALITY SO CALLED BOTTOMUP PRODUCTION 
CAN  INSTEAD  BE  USED  4HIS  MEANS  THAT  THE  NANOWIRES  ARE 
FORMED  BY  SELFORGANIZATION  ATOM  BY  ATOM  IN  A  HIGHLY 
CONTROLLABLE MANNER














































ABLATION  AND  THERMAL  EVAPORATION  AS  WELL  AS  CHEMICAL 
METHODS  )N CONTRAST TO SOLUTION METHODS THEY ARE STEADY
STATE  GROWTH  TECHNIQUES WHICH  PROVIDE  A  BETTER  CONTROL  OF 
THE  GROWTH  AND  MORPHOLOGY  OF  THE  WIRES  6APOR  PHASE 
METHODS  ESPECIALLY  VAPOR  PHASE  EPITAXY  60%	  DOMINATE 
NANOWIRE  GROWTH  TODAY  AND  ARE MOST  COMMONLY  USED  FOR 
PRODUCTION OF SEMICONDUCTOR DEVICE STRUCTURES ;= !LTHOUGH 
THESE  TECHNIQUES  ARE  RATHER  EXPENSIVE  THEY  ARE  ESPECIALLY 
ADVANTAGEOUS IN TWO WAYS &IRST OF ALL A HUGE RANGE OF VAPOR 
PHASE PRECURSORS EXIST MAKING IT POSSIBLE TO GROW NANOWIRES 
OF  MANY  DIFFERENT  TYPES  OF  MATERIALS  3ECONDLY  VERY  HIGH 
CONTROL OF THE GROWTH PROCESS IS POSSIBLE ENABLING THE GROWTH 
OF COMPLEX NANOWIRE STRUCTURES
)N  ADDITION  TO  THE  MANY  DIFFERENT  NANOWIRE  PRODUCTION
METHODS  EXISTING  NANOWIRES  OF  A  VARIETY  OF MATERIALS  HAVE 
BEEN  PRODUCED  !MONG  THEM  METAL  NANOWIRES  OXIDE 
NANOWIRES  METAL  CARBIDE  NANOWIRES  METAL  CHALCOGENIDE 
NANOWIRES  AND  SEMICONDUCTOR  NANOWIRES  HAVE  BEEN 
DEMONSTRATED  &OR  AN  EXTENSIVE  REVIEW  OF  THE  MATERIALS 
SYSTEMS USED TO PRODUCE NANOWIRES SEE FOR EXAMPLE 2AO ET 





4HE  FOCUS  OF  THIS  REVIEW WILL  BE ON NANOWIRE GROWTH BY
EPITAXIAL METHODS SUCH AS VAPOR PHASE EPITAXY 60%	 CHEMICAL
BEAM  EPITAXY  #"%	  AND  MOLECULAR  BEAM  EPITAXY  -"%	 
%PITAXIAL  NANOWIRE	  GROWTH MEANS  THAT  A  SUBSTRATE  WITH  A 
SPECI½C CRYSTAL STRUCTURE IS USED TO ORIENT THE GROWTH OF THE 




PARTICLEASSISTED  GROWTH  THE  DIAMETER  OF  THE  SEED  PARTICLE
















½RST  STEP  THE  SUBSTRATE  IS  HEATED  TO  A  DESIRED  GROWTH
TEMPERATURE &IGURE A		 /NCE THE GROWTH TEMPERATURE  IS 
REACHED  THE PRECURSOR MATERIALS ARE  INTRODUCED TO  THE GAS 
¾OW  )N  THE  CASE  OF  #"%  AND -"%  THE  VAPOR  PRECURSORS  IN
LAMINAR GAS ¾OW ARE REPLACED BY BEAMS IN VACUUM 7HEN THE 
PRECURSOR MATERIALS COME INTO CONTACT WITH THE GOLD PARTICLE 
AT  THE  ELEVATED  TEMPERATURES  AN  ALLOY  IS  TYPICALLY  FORMED 
&IGURE B		 4HIS ALLOY PARTICLE COULD BE EITHER LIQUID OR SOLID 










GROWTH  TEMPERATURE  !T  A  CERTAIN  POINT  WHEN  ENOUGH 
PRECURSOR MATERIAL HAS BEEN INCORPORATED INTO THE PARTICLE IT 
WILL BECOME SUPERSATURATED 4HIS IN TURN LEADS TO PRECIPITATION 
OF  THE  SEMICONDUCTOR  MATERIAL  AT  THE  PARTICLESUBSTRATE 
INTERFACE  REFERRED  TO  AS  NUCLEATION  &IGURE  C		  "Y  A 
CONTINUOUS SUPPLY OF GROWTH PRECURSORS THE NANOWIRE GROWTH 
OCCURS AT THE PARTICLEWIRE INTERFACE &IGURE D		 4HE GROWTH 
RATE  OF  NANOWIRES  DEPENDS  TO  A  LARGE  EXTENT  ON  THE 
SUPERSATURATION  WHICH  IN  TURN  CAN  BE  CONTROLLED  BY  THE 
PRECURSOR  CONCENTRATION  AND  THE  GROWTH  TEMPERATURE 





INTERFACES  ARE  GROWN  BY  SWITCHING  ON  AND  OFF  DIFFERENT 














LIQUID  SOLID  3,3	  ;=  MODELS  RESPECTIVELY  .ONE  OF  THESE 
MODELS FULLY EXPLAINS THE MECHANISM BEHIND NANOWIRE GROWTH
AND  THE  ACTUAL  ROLE  OF  THE  PARTICLE  IS  STILL  UNDER  DISCUSSION
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BE  REALIZED  A  COMPLETE  CONTROL  OF  THE  POSITIONING  OF  THE 
SEED  PARTICLES  IS  ALSO  REQUIRED  &INALLY  TO  MEET  THE
CLEANLINESS  REQUIREMENTS OF  THE  SEMICONDUCTOR  INDUSTRY  ALL 
POSSIBLE RESIDUES FROM THE PARTICLE PRODUCTION STEP SHOULD BE 
FULLY  REMOVED  )N  THIS  SECTION  WE  WILL  REVIEW  THE  DIFFERENT 
TYPES  OF  GOLD  PARTICLES  USED  TO  GROW  SEMICONDUCTOR 
NANOWIRES  7E  DESCRIBE  THE  PRODUCTION  THE  DEPOSITION 




ALL  TYPES  OF  SEMICONDUCTOR  NANOWIRES  INCLUDING  ELEMENTAL 
GROUP  )6	 WIRES  ;= GROUP  ))6) WIRES  ;=  AND GROUP  )))6 
WIRES  ;=  4HE  COMMON PROCEDURE  FOR  GENERATION OF  GOLD 
PARTICLES  FROM THIN ½LMS  IS  THERMAL EVAPORATION OF THE GOLD 
½LM DIRECTLY ONTO THE SUBSTRATE 4YPICALLY THE THICKNESS OF THE 
½LM CAN VARY BETWEEN  NM AND A COUPLE OF NANOMETERS
&OLLOWING  DEPOSITION  OF  THE  THIN  ½LM  THE  SUBSTRATE  IS 







KEPT  AT  THAT  TEMPERATURE  FOR  A  CERTAIN  PERIOD  OF  TIME 
!NNEALING  TIME  AND  TEMPERATURE  AFFECT  THE  DIAMETER 
DISTRIBUTION AND SURFACE DENSITY OF PARTICLES ;= )N ADDITION 
THE THICKNESS OF THE ½LM AS DESCRIBED BY (IRUMA ET AL ;=	















/NE  ADVANTAGE  OF  THE METHOD  IS  THE  EASY  AND  REASONABLY 
CHEAP  PRODUCTION  OF  PARTICLES  ON  ALMOST  ANY  SUBSTRATE 
MAKING  IT  SUITABLE  FOR  EXAMPLE  DURING  INVESTIGATIONS  OF 








A  MASK  IS  APPLIED  TO  THE  SUBSTRATE  BEFORE  THE  THIN  ½LM  IS
EVAPORATED  IN  ORDER  TO  DE½NE  SIZE  NUMBER  CONCENTRATION 
AND POSITION OF THE PARTICLES THAT WILL BE PRODUCED ! VARIETY 
OF  LITHOGRAPHIC  TECHNIQUES  HAVE  BEEN  USED  TO  PRODUCE 
GOLD SEED PARTICLES )N GENERAL THESE METHODS REQUIRE SEVERAL
STEPS  INCLUDING  MASKING  THERMAL  EVAPORATION  LIFTOFF  AND 
SOMETIMES  AN  ADDITIONAL  CLEANING  STEP  )N  MOST  CASES 
CHEMICALS  ARE  USED  FOR  PRODUCTION  ANDOR  REMOVAL  OF 
THE MASK ,ITHOGRAPHY IS SAID TO BE A TOP DOWN TECHNOLOGY 
AND  BY  COMBINING  IT  WITH  THE  BOTTOM  UP  EPITAXIAL 
GROWTH METHODS WELL  ORDERED  ARRAYS  OF  UNIFORM  NANOWIRES 
HAVE BEEN REALIZED
)N  THE  .ANOSPHERE  ,ITHOGRAPHY  .3,	  METHOD
SUBMICROMETER SIZED POLYSTYRENE SPHERES ARE SELFASSEMBLED 
INTO  A  MONOLAYER  WITH  HEXAGONAL  CLOSE  PACKED  STRUCTURE 
WHICH PROVIDES THE BASIS OF THE MASK ; = 3MALL TRIANGULAR 






0OROUS  ANODIC  ALUMINUM  OXIDE  !!/	 MEMBRANES  HAVE











!  MORE  SUCCESSFUL  METHOD  FOR  CREATING  ORDERED  GOLD
PARTICLES  WITH  A  NARROW  SIZE  DISTRIBUTION  IS  ELECTRON  BEAM 
LITHOGRAPHY  %",	  WHERE  AN  ELECTRON  SENSITIVE  RESIST  IS 
EXPOSED  BY  AN  ELECTRON  BEAM  #OMPARED  TO  CONVENTIONAL
PHOTOLITHOGRAPHY MASKS WITH MUCH SMALLER  FEATURES  DOWN 
TO  AROUND    NM	  CAN  BE  PRODUCED  &IGURE    A	  DISPLAYS 




-kRTENSSON  ET  AL  ;=  ALSO  DEMONSTRATED  THE  USE  OF
.ANOIMPRINT ,ITHOGRAPHY .),	 WHERE A STAMP IS MECHANICALLY 
PRESSED  INTO  THE  RESIST  TO CREATE  THE MASK  TO GENERATE  )N0 
NANOWIRE  ARRAYS  4HE MAJOR  ADVANTAGE OF .),  COMPARED  TO 
%",  IS  THE  MUCH  HIGHER  THROUGHPUT  SINCE  .),  IS  A  PARALLEL







OF  THE  POSITIONING  OF  THE  SEED  PARTICLES  AND  HENCE  OF  THE 
WIRES ON THE SUBSTRATES 4HIS MIGHT BE CRUCIAL FOR LARGESCALE 
PRODUCTION SINCE IT PROVIDES THE OPPORTUNITY OF VERTICAL DEVICE 
DESIGN  4HE  DRAWBACKS  OF  THE  LITHOGRAPHICALLY  DE½NED 
PARTICLES DIFFER A BIT BETWEEN THE DIFFERENT METHODS .3, AND 
THE USE OF METAL MASKS  FROM !!/ MEMBRANES  SUFFER  FROM
THE PROBLEM OF NONUNIFORM DIAMETERS &OR %", AND .), ON 
THE OTHER HAND THE OBTAINED CONTROL OF DIAMETER UNIFORMITY 
AND  THE ABILITY  TO VERY PRECISELY  TUNE  THE PARTICLE DIAMETER 
ARE HIGHLY ADVANTAGEOUS BUT THESE METHODS ARE MUCH MORE 
EXPENSIVE  AND  COMPLICATED  %",  IS  ALSO  LIMITED  BY  THE  LOW
THROUGHPUT  DUE  TO  THE  TIME  CONSUMING  EXPOSURE  STEP 








PROVIDED  IN  AQUEOUS  SOLUTIONS  AND  LIGANDS  ARE  ATTACHED  TO 
THE PARTICLES IN ORDER TO KEEP THEM SUSPENDED IN THE SOLUTION 
AND PREVENT THEM FROM AGGLOMERATION 'OLD COLLOID PARTICLES 
ARE  COMMERCIALLY  AVAILABLE  IN  A  WIDE  RANGE  OF  DIFFERENT 
DIAMETERS WITH A DIAMETER DISPERSION OF LESS THAN   'OLD 
COLLOIDS  HAVE  BEEN  FREQUENTLY  USED  AS  SEED  PARTICLES  FOR
GROWTH  OF  SEMICONDUCTOR  NANOWIRES  INCLUDING  3I  ;=  AND 
)N'A!S NANOWIRES ;=
4HE  NORMAL  VERY  SIMPLE  DEPOSITION  METHOD  OF  GOLD
COLLOIDS  IS  TO PLACE A DROP OF  THE SOLUTION DIRECTLY ONTO THE 
SUBSTRATE  )N  ORDER  TO  GET  A MORE  EVEN  DISTRIBUTION  OF  THE 
SUSPENSION  ROTATION  OF  THE  SUBSTRATE  CAN  BE  PERFORMED 
AFTERWARDS  "Y  VARYING  THE  CONCENTRATION  OF  THE  COLLOID 
SOLUTION  THE  NUMBER  CONCENTRATION  OF  PARTICLES  CAN  BE 
CONTROLLED  TO  SOME  EXTENT  !  CONCERN  FOR  ACHIEVING  A 
HOMOGENOUS  COATING  OF  PARTICLES  IS  THE  SURFACE  PROPERTIES 
EG THE CHARGE	 OF THE SUBSTRATE RELATIVE TO THE PROPERTIES OF








4O  GET  A  VERY  PRECISE  CONTROL  OF  PARTICLE  NUMBER
CONCENTRATION "yTTGER ET AL ;= USED ELECTROSPRAY DEPOSITION
OF THE GOLD COLLOIDS ALTHOUGH THE PARTICLES WERE STILL RANDOMLY 




SIMPLE  AND  FAST  DEPOSITION  THE  AVAILABILITY  OF  PARTICLES  OF  A 
VARIETY  OF  DIFFERENT  DIAMETERS  WITH  A  NARROW  DIAMETER 
DISTRIBUTION AND THE  LESS COSTLY PRODUCTION METHODS !MONG
THE  DRAWBACKS  THE  INABILITY  TO  CONTROL  PARTICLE  POSITIONING 
NEEDS  TO  BE  MENTIONED  -OREOVER  UNLESS  THE  ELECTROSPRAY 
DEPOSITION METHOD  IS  USED  THE  NUMBER  CONCENTRATION  AND 
HOMOGENEITY OF PARTICLES ON THE SUBSTRATE IS NOT AS CONTROLLED 
AS  FOR  LITHOGRAPHICALLY DE½NED PARTICLES OR  AEROSOLGENERATED 
PARTICLES  3IMILAR  TO  THE  LITHOGRAPHICALLY DE½NED PARTICLES  THE 
MAJOR  DISADVANTAGE  IS  HOWEVER  THE  CLEANLINESS  PROBLEM 






AIR  BORNE  PARTICLE  COULD  BE  CONSIDERED  TO  BE  AN  AEROSOL
PARTICLE  )N  THIS  REVIEW HOWEVER WE  LIMIT  THE  EXPRESSION  TO 
PARTICLES  SUSPENDED  IN  AN  ULTRAPURE  CARRIER  GAS  DURING 
GENERATION
4WO  SLIGHTLY  DIFFERENT METHODS  TO  PRODUCE  AEROSOL  GOLD
PARTICLES  FOR  SEEDING OF NANOWIRES HAVE BEEN USED NAMELY 
THE  EVAPORATIONCONDENSATION  ;=  METHOD  AND  THE  SPARK 
DISCHARGE  METHOD  ;=  )N  THE  EVAPORATIONCONDENSATION 




COAGULATION  OF  PRIMARY  PARTICLES  !  SIMILAR  MECHANISM  IS 
RESPONSIBLE FOR PRODUCTION OF AGGLOMERATE GOLD PARTICLES BY 
THE SPARK DISCHARGE METHOD 4HE DIFFERENCE IS THAT THE VAPOR 
FORMS  BY  A  SPARK  DISCHARGE  BETWEEN  TWO  GOLD  ELECTRODES 
CAUSING THE ELECTRODE MATERIAL TO VAPORIZE &OR BOTH METHODS
THE  GENERATED  PARTICLES  ARE  FURTHER  CARRIED  INTO  AN  AEROSOL 
NANOPARTICLE  SYSTEM  SETUP  ;=  TO  ENABLE  RESHAPING OF  THE 
AGGLOMERATES INTO COMPACT SPHERICAL PARTICLES AND TO PROVIDE 
CONTROLLED DEPOSITION OF SIZESELECTED PARTICLES 
4HE  ASPRODUCED  GOLD  PARTICLES  HAVE  A  HIGH  PURITY
MONODISPERSE DIAMETER ;= AND CAN BE DEPOSITED WITH AN 
EXTREMELY CONTROLLABLE SURFACE DENSITY AND SIZE ON ANY TYPE 
OF  SUBSTRATE  &OR  THE  SPARK  DISCHARGE  METHOD  SUCCESSFUL 
SEEDING OF 'A0 AND )N0 NANOWIRES HAVE BEEN REPORTED ;= 
AND  FOR  THE  EVAPORATIONCONDENSATION  METHOD  MOST  )))6 
NANOWIRES  HAS  BEEN  SEEDED  INCLUDING  )))ANTIMONIDES  ; 
= N AND PDOPED )N0 ;= AND CORESHELL 'A!S'A)N0 ;= 
)N ADDITION AEROSOL GOLD PARTICLES HAVE BEEN SHOWN TO BE VERY
SUITABLE  FOR  INITIATING  THE  GROWTH  OF  COMPLEX  BRANCHED 
NANOWIRE STRUCTURES BY DECORATING ALREADY GROWN WIRES WITH A 
SECOND AND THIRD GENERATION OF GOLD PARTICLES ;=
#OMPARING  THE  AEROSOL  PARTICLES  TO  THE  OTHER  TYPES  OF






OF  EACH  PARTICLE  ON  THE  SUBSTRATE  BY  USING  ATOMIC  FORCE 
MICROSCOPY  !&-	  MANIPULATION  4HIS  PROVIDES  A  VALUABLE 
DEMONSTRATION  OF  THE  POSSIBILITY  TO  POSITION  AEROSOL  GOLD 
PARTICLES BUT IS NOT A SUITABLE TECHNIQUE FOR LARGE SCALE DEVICE 
PRODUCTION 4HE DISADVANTAGE COMPARED TO THIN ½LM PARTICLES 
AND  COLLOIDAL  PARTICLES  IS  THE  LESS  SIMPLE  AND  MORE  COSTLY 
PRODUCTION /N THE OTHER HAND THE MAJOR ADVANTAGE IS THAT
THESE PARTICLES ARE VERY PURE AND HAVE A TUNABLE MONODISPERSE 
DIAMETER  )N  ADDITION  A  HIGHLY  CONTROLLED  DEPOSITION  OF 
PARTICLES  OF  A  GIVEN  DIAMETER  AND  SURFACE  NUMBER 
CONCENTRATION AT REASONABLE THROUGHPUT IS POSSIBLE THE EVEN 
DISTRIBUTION  OF  NANOPARTICLES  ON  ´´  WAFERS  HAS  BEEN 
DEMONSTRATED ;= 4HESE ARE ALL PROPERTIES THAT MAKE AEROSOL 














TEMPERATURE  LIQUID  ALLOYS  WITH  THE  GROWTH  SPECIES  )N  THIS 
SECTION WE DISCUSS THE DIFFERENT PROPERTIES OF GOLD PARTICLES 
AND HOW  THEY  COULD  AFFECT NANOWIRE GROWTH -OREOVER WE 
SUGGEST  THAT  IT  MIGHT  BE  MANY  SMALL  ADVANTAGES  ADDED





SUCH  AS  THE  WIDELY  USED  6,3  ;= MODEL  AND  THE  RECENTLY 







ALL  OTHER  INTERFACES  IS  SUPPRESSED  4HESE MODELS  EXPLAIN  TO 
SOME  EXTENT  THE  INVOLVEMENT  OF  THE  PARTICLE  IN  NANOWIRE 
GROWTH BUT ARE APPLICABLE TO ALL TYPES OF PARTICLES NOT ONLY 




WITH  EXPERIMENTAL  DATA  TO  DATE  IT  IS  THE  ONLY  ATTEMPT  TO 
THEORETICALLY  PREDICT  WHICH  METALS  WILL  BE  APPROPRIATE  FOR 
GROWING  NANOWIRES  3INCE  NO  PREDICTIVE  MODEL  EXISTS 
EXPERIMENTAL  STUDIES  HAVE  BEEN  PERFORMED  TO  DETERMINE 
WHICH  PARTICLE  MATERIALS  CAN  BE  USED  TO  SEED  NANOWIRES 
!PART FROM IMPROVING THE UNDERSTANDING OF THE MECHANISM
BEHIND  NANOWIRE  GROWTH  ½NDING  OTHER  PARTICLE  MATERIALS 





USED  TO  SEED  THE GROWTH OF  3N/ NANOWIRES  AND 'E  AND  3I 
NANOWIRES  RESPECTIVELY  IT  IS CLEAR  THAT MANY  TYPES OF METAL 
PARTICLES  COULD  SEED  THE  GROWTH  OF  ONEDIMENSIONAL
STRUCTURES (OWEVER  FOR MANY PARTICLE MATERIALS WIRES WERE 
KINKED  SHORT  OR  CURLY  AND  SOMETIMES  HAD  AN  AMORPHOUS 
STRUCTURE  4HE  MAJOR  ADVANTAGE  WHEN  INSTEAD  USING  GOLD 
PARTICLES AS  SEEDS  IS  THAT  IT  IS EASIER  TO ACHIEVE HIGH QUALITY




  DIRECTION  WHICH MEANS  THAT  WHEN  A    ORIENTED 
SUBSTRATE  IS  USED  THE NANOWIRES GROW PERPENDICULAR  TO  THE 
SUBSTRATE SEE &IGURE 	 )N &IGURE  'A!S NANOWIRES SEEDED 
WITH  A	  GOLD  PARTICLES  AND  B	  PALLADIUM  PARTICLES  GROWN 
UNDER SIMILAR CONDITIONS ARE SHOWN %VEN THOUGH NANOWIRES 






IN GOLD  )N  THE  CASE OF  THE ELEMENTAL  GROUP  )6	  3I  AND 'E 
NANOWIRES  BOTH  MATERIALS  FORM  LIQUID  ALLOYS  WITH  GOLD  AT 
TEMPERATURES  BELOW  THE  TYPICALLY  USED  NANOWIRE  GROWTH 
TEMPERATURES  !LSO  IN  THE  CASE  OF  )))6  NANOWIRES  LOW
TEMPERATURE  LIQUID  ALLOYS  OF  GOLDGALLIUM  AND  GOLDINDIUM 
EXIST 4HE )))6 SYSTEM IS HOWEVER A MORE COMPLICATED SYSTEM 
COMPARED  TO  THE  ELEMENTAL  CASE  SINCE  THERE  ARE  TWO 
PRECURSORS  BOTH THE GROUP  ))) AND GROUP 6	 COEXISTING WITH
THE GOLD PARTICLE /NE PUZZLING POINT IS THAT NO STABLE GOLD
ARSENIC  OR  GOLDPHOSPHORUS  PHASES  HAVE  BEEN  REPORTED 
SOMETHING WHICH FOR EXAMPLE RAISES THE QUESTION ON HOW THE 
GROUP  6  MATERIAL  GETS  INCORPORATED  INTO  THE  NANOWIRE  ! 
POSSIBLE  EXPLANATION  COULD  BE  THAT  THE  GROUP  6  PRECURSOR
TRAVELS ALONG THE GROWTH INTERFACE OR ALONG GRAIN BOUNDARIES 
IF THE PARTICLE IS IN A SOLID STATE ;= 
)N  THE  ORIGINAL  6,3  MODEL  A  REQUIREMENT  FOR  GROWTH  TO










TO  OCCUR  FROM  A  SOLID  SEED  PARTICLE  IMPLYING  THAT  IT  IS  NOT 
NECESSARY TO USE A PARTICLE MATERIAL  THAT  FORMS  LIQUID ALLOYS 
WITH  THE  PRECURSORS  FOR  NANOWIRE  GROWTH  TO  TAKE  PLACE 
(OWEVER  IT  COULD  PROBABLY  BE  AN  ADVANTAGE  SINCE  GROWTH 
FROM SOLID SEED PARTICLES OFTEN SUFFERS FROM THE PROBLEM OF A 
LESS  CONTROLLED GROWTH DIRECTION  4HIS MIGHT BE DUE  TO  THE 
SOLID  PARTICLES  HAVING  MORE  DIF½CULTIES  TO  EPITAXIALLY  ORIENT 
WITH THE SUBSTRATE 'A!S NANOWIRES SEEDED WITH IRON PARTICLES 
;= AND MANGANESE PARTICLES ;= AND 3I NANOWIRES SEEDED 
WITH COPPER PARTICLES  ;=  ARE ALL DEMONSTRATED  TO GROW  IN 
SEVERAL  DIFFERENT  DIRECTIONS  !S  AN  EXCEPTION  CONTROLLED 
GROWTH  IN  THE  DIRECTION OF 3I NANOWIRES  SEEDED WITH 
SOLID  ALUMINUM  PARTICLES  HAS  BEEN  REPORTED  ;=  !NOTHER 






FORM PARTICLES WITH  REASONABLY  UNIFORM  SHAPES  EVEN  IN  THE 
SOLID  FORM  YET  ANOTHER  ADVANTAGE  COMPARED  TO  OTHER 
MATERIALS
4HE ½NAL ADVANTAGE OF A LIQUID SEED PARTICLE MIGHT BE THE
ENHANCED  GROWTH  RATE  COMPARED  TO  A  SOLID  SEED  PARTICLE 













SEEDS  FOR  NANOWIRE  GROWTH  IS  WHETHER  OR  NOT  THEY  ACT  AS 
CATALYSTS  FOR  DECOMPOSITION  OF  THE  GROWTH  PRECURSORS  4HE 
COMMON METHOD TO DETERMINE IF A CATALYTIC EFFECT EXISTS HAS 
BEEN TO COMPARE THE ACTIVATION ENERGIES OF THE DECOMPOSITION 
WITH  AND WITHOUT  THE  CATALYST  PARTICLES  PRESENT  &ROM  SUCH 
MEASUREMENTS BOTH REPORTS OF UNCHANGED ACTIVATION ENERGIES 
; = AND ENHANCED ACTIVATION ENERGIES ; = IN THE 





GROWTH  OTHER  PARTICLE MATERIALS  NORMALLY  KNOWN  TO  HAVE  A 
MUCH  HIGHER  CATALYTIC  ACTIVITY  THAN  GOLD  EG  PLATINUM  OR 
RHODIUM WOULD BE A MORE SUITABLE CHOICE
! MORE  INTERESTING  PROPERTY  TO  EXPLAIN  THE  SUITABILITY  OF
GOLD PARTICLES FOR SEEDING NANOWIRE GROWTH MAY  INSTEAD BE 
THAT THEY ARE HIGHLY UNREACTIVE 'OLD PARTICLES LARGER THAN  
NM  ARE  KNOWN  NOT  TO  SPONTANEOUSLY  OXIDIZE  IN  AIR  ;= 









#OMPARED  TO  OTHER  MATERIALS  WHICH  MIGHT  SUCCESSFULLY













TOGETHER  RATHER  THAN  ANY  SINGLE  PROPERTY  ARE  WHAT  MAKE 
GOLD THE MOST UNIVERSAL MATERIAL FOR NANOWIRE SEED PARTICLES 
4HE  FACT  THAT MANY PRECURSOR MATERIALS ARE  SOLUBLE  IN BOTH 
LIQUID  AND  SOLID  GOLD  IS  OF  COURSE  HIGHLY  IMPORTANT  BUT  AN 
EXTRA  ADVANTAGE  IN  ORDER  TO  ACHIEVE  UNIFORM  CONTROLLED 













HAVE  BEEN  REPORTED  TO  SUCCESSFULLY  INITIATE  GROWTH  OF 
NANOWIRES  GOLD  IS  THE  MOST  UNIVERSAL  PARTICLE  MATERIAL 
CAPABLE OF SEEDING A VARIETY OF DIFFERENT TYPES OF NANOWIRES 
AT A WIDE RANGE OF GROWTH CONDITIONS )N THIS REVIEW WE HAVE
IDENTI½ED  AND  DESCRIBED  THE  PRODUCTION  AND  DEPOSITION 
METHODS OF DIFFERENT TYPES OF GOLD PARTICLES USED FOR NANOWIRE 
GROWTH  NAMELY  GOLD  PARTICLES  MADE  FROM  THIN  ½LMS  GOLD
PARTICLES  MADE  BY  LITHOGRAPHIC  METHODS  COLLOIDAL  GOLD 
PARTICLES  AND  AEROSOL  GOLD  PARTICLES  )N  ADDITION  WE  HAVE 
DISCUSSED  THE  DIFFERENT  ADVANTAGES  AND  DISADVANTAGES  OF 
EACH PARTICLE TYPE IF THE NANOWIRES ARE TO BE USED FOR LARGE
SCALE PRODUCTION OF SEMICONDUCTOR DEVICES &INALLY WE HAVE 
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